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(57) Abstract 

As shown in the figure, a dye donor interacts with the incident laser radiation (hv), is excited from a ground state SO to an excited 
state SI, and transfers this to form A of a photochromic dye which converts to form B and undergoes a decay to the ground state. The dye 
donor may be either a fluorescent dye or a dye which is a non-linear optical material, such as a second harmonic generation material. The 
donor and photochromic materials may be in separate layers or may be mixed together in a single layer. A subpicosecond semiconductor 
laser or an femptosecond argon ion pumped Ti: Sapphire laser can be used as laser source. The interaction of the dye with the laser radiation 
may be a two photon interaction. 
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WO 00/05624 



INCREASING WRITING EFFICIENCY IN 3D 
OPTICAL DATA STORAGE SYSTEM 



PCT/US99/16419 



BACKGROUND OF THE INVENTION 
1 . Field of the Invention . 

1 . The present invention generally concerns to 3D optical memory system 
development and memory media investigations. This invention is related with using a 
nonlinear properties (optical H-G and TP A) of thin polymeric films in 3D optical data 
storage systems. 

2. Background of the invention. 

The need for enhancement of the capacity of computer data storage systems has 
been increasing in the past decade. The modern optical and magnetooptical systems will 
exhaust their resource soon. Thus the necessity of creating new more capacitive memory 
systems such as 3D optical memory devices has appeared. 

The 3D optical memory principle have a physical limit of information capacity - 
1Tb it/cm 3 . This resource can he used only if the direct access to the information pit inside 
the volume is realized. The informative media can be made of a photochromic compound 
embedded into a polymer matrix. The photochromic material under light illumination 
transforms into the stable photoinduced form, which can be registered by phase or 
amplitude read-out method. 

The localization of writing, and reading information in 3D optical data storage 
system can be achieved only by non-linear processes, for example by TPA or by HG. The 
3D optical memory systems based on TPA or HG processes are very promising because of 
possibility to write, read and erase information inside the local volume of photochromic 
media. It is well known that the TPA cross sections of the most of organic photochromic 
materials are in the range 1-10 GM (1 GM=lT0" 50 cm 4 s). As a source of radiation in 3D 
erasable optical memory system based on two photon induced photoreaction one now 
needs a powerful laser system like Nd:YAG or Ti: sapphire. The current values of TPA 
cross section are not enough for writing information with the help of compact 
semiconductor lasers. Thus the problem of increasing effective TPA cross section is of a 
crucial importance. 
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OBJECT AND SUMMARY OF THE INVENTION 

Two methods of increasing efficiency of writing information in 3D optical mempry 
devices are proposed. 
Two-staze method 

5 The first (two-stage) method consists in a passing of two photon absorption of 

photochromic material to frequency conversion (optical harmonic generation) in an 
additives with high non-linearity. 

Let us consider the SHG as an example of optical harmonic generation with high 
frequency conversion efficiency. In this method a process of recording is divided into two 

10 stages. In the first stage the SHG of laser radiation in the thin organic film occurs. The 
SH frequency coincides with maximum of absorption band of photochromic material 
initial form. On the second stage the SH radiation induces photoreaction in a 
photochromic material by single-photon absorption. The informative medium consists of 
the sequence of such layers (FIG. 1). To prevent an undesirable illumination of other 

15 layers by SH radiation one can use additional layers absorbing SH radiation completely. 

In principle, when one uses highly absorbing photochromic material it is not necessary to 
use any additional absorbing layers. In generally, nonlinear optical and photochromic 
layers can be combined in one. The efficiency of writing process can be substantially 
increased if one can achieve a maximum efficiency of SHG process and use a 

20 photochromic material with the high value of single-photon absorption cross section and 
high quantum yield of photoreaction. 
Two-stage method application for ROM disks 

The reading of information can be realized by registration of fluorescent signal 
from informative cell (pit) under its illumination by radiation with wavelength within 

25 absorption band of fluorescent media. 

One of the serious problems, limiting the capacity of 3D optical memory disks in 
readout process under linear excitation of fluorescence, is a high density of writing 
information in neighboring layers. In this case the informative disk actually presents a 
homogeneous media with photoactive substance in 'written* form. Thereby the 

30 informative disk becomes practically opaque for the readout light, go there are practically 
no access to the deeply lying informative layers. Proposed two-stage, method of making a 
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nonlinear-optical disk allows to solve this problem. The reading process is based on TPA 
process. 

In the layer with nonlinear material the SHG occurs. Then the SH radiation excites 
the fluorescence of photochromic material in written area. 
5 Using this two-stage method one can make the multilayer informative fluorescent 

disk (FIG. 1). 

The energy transfer method 

The second (energy transfer) method is based on using a mechanism of energy 
transfer from high TPA dyes, to the photochromic molecules. The TPA cross sections of 

10 some organic dyes and chromophore molecules Cali be equal to 100-10000 GM. Recently 
a new chromophore with TPA cross section equals to 19400 GM was synthesized. Due to 
energy transfer mechanism it is quite reasonable to use these substances as a sensitizer of 
photoisomerization reaction. Such an approach has the advantages that the energy transfer 
process in organic compounds is deeply investigated. The efficient energy transfer is 

15 possible if the fluorescence spectra of the energy donor molecule is overlapped with the 
absorption spectra of the acceptor molecule. 

DESCRIPTION OF THE DRAWINGS 
FIG. 1 . Principle scheme of two-stage method. 
FIG. 2. Absorption spectra of (II A) and (II B) in PMMA film. 
20 FIG. 3. Experimental scheme for measurement of writing efficiency. The 1- is 

electrooptical modulator, 2- are light filters, 3- is monochromator, 4-is CCD camera, 5- is 
read record head, 6-is sample, 7-is 3D positioning device, 8-is objective (N. A =0.20, xlO), 
9-is halogen lamp. 

FIG. 4. Accumulation kinetics of photoinduced form (II) (squares) and TCM (triangle) 
25 under light excitation (irradiation time is 1-10 ms). 

FIG. 5. The scheme of the, energy transfer principle from the high TPA dye (donor) to 
the photochromic material (acceptor). 

FIG. 6. Absorption spectra of (II)(dashed line), (IV) (dotted line) and fluorescence 
spectra of (IV) (solid line) in arbitrary units. 
30 FIG. 7. The main requirements to the photochromic system with the energy transfer. 
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DESCRIPTION OF THE INVENTION 

Two-stage method 

The FIG. 1 shows the scheme of two component informative media (TCM) for 
two-stage method of writing information. 

This TCM consists of two layers. In the first layer the SHG of laser radiation in 
thin nonlinear organic film occurs. For example, thin nonlinear organic film can be made 
of polycrystal isopropyl-4-acetylphenylurea (I), as a source of laser radiation the 
femtosecond Tksapphire laser (wavelength 810 nm) can be used. 




O 

(I) 

The SH frequency (wavelength 405 nm) coincides with maximum of absorption 
band of photochromic material initial form. For example, a photochromic material can be 
idolyl fulgide (II) embedded into polymethylmethacrylate (PMMA) film, We will refer to 
(II B) as the photoinduced form of (II). The initial form of (II) is (II A). 



O R Me 




(II A) 



(II B) 
-4- 
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The absorption spectra of (II A) and (II B) are shown in FIG. 2. 

Then the SH radiation is absorbed by photochromic material (II A) and a 
photochemical reaction is induced, i.e. (II A) transforms into (II B). To prevent an 
undesirable illumination of other layers by SH radiation one can use additional layers 
5 absorbing SH radiation completely. If possible the nonlinear-optical material and a 
photochromic substance can be combined in one layer. 

It is important that the fundamental radiation of Ti:sapphire laser is not absorbed in 
any layer except the layer, where the process of writing occurs. This allows to use many 
layers without crosstalks between them. 
10 The efficiency of writing was measured with the help of specialized setup. The 

scheme of this setup is depicted in FIG. 3. The Ti:sapphire laser beam is used as a source 
of radiation for Inducing the photoreaction. The laser beam is modulated with the help of 
the electrooptical modulator. The induced optical density is measured after illuminating 
the sample by different doses of irradiation. As a probe beam the monochromatic light 
15 (wavelength 540 nm) of halogen lamp is used. 

The writing, efficiency is defined by the efficiency of TP A process (the value of 
effective TPA cross section*). 

The rate of photochemical reaction can be expressed in the following way: 

dN 



dt 
dN 



- ~ O'^N for linear absorption, 



20 11 ~ = - d^N for TPA, 

dt 

where N - is the concentration of (II B), (j) x and <fi 2 - are the photon fluxes density 

of fundamental and double frequency of radiation respectively, o - is the linear absorption 
cross section, 8 - is the effective TPA cross section. 

c 64x 5 hv xlffi 
For effective TPA cross section we have: 5 = 5 -\ , 

25 where % eff is a quadratic nonlinearity, L - is the media length, n l5 n 2 - are media 



'effective TPA cross section is the measured TPA cross section of the media 

-5- 
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refractive indexes at fundamental and double frequency radiation respectively, A t - is 
fundamental wavelength. 

However the efficiency of writing can be calculated from the experimental results 
using the following expressions 

_ bfrS\ha>? 

O — o 

gW 2 

where W - is an average power of radiation, S - is the light spot square, f - is a 

pulse repetition rate, g - is a form factor of laser pulse, t - is the laser pulse duration, w is 
the frequency of fundamental radiation, b - is a slope of accumulation of photoinduced 
form (II B) concentration as a function of irradiation time at the initial part of the curve. 

The FIG. 4 shows the dependencies of the photoinduced form concentrations on 
the irradiation time. Curve 1 and 2 correspond to the (II) in PMMA and TCM system 
respectively. From the comparison of these two curves one can see the strong increase of 
writing efficiency in the TCM. For example a TCM consisting of I and II shows the 32 
times increasing of writing efficiency. 
Two-stage method application for ROM disks 

One of the serious problems limiting the capacity of 3D optical memory disks in 
readout process under linear excitation of fluorescence is a high density of writing 
information in neighboring layers. In this case the informative disk actually presents a 
homogeneous media with photoactive substance in 'written' form. Thereby the 
informative disk becomes practically opaque for the readout light, so the access to the 
deeply lying informative layers becomes practically impossible. Proposed two-stage 
method of making a nonlinear-optical disk allows to solve this problem. The reading is 
based on TPA process. 

In the layer with nonlinear material the SHG occurs. Then the SH radiation excites 
the fluorescence of photochromic material in written area. In given scheme nonlinear 
layers can be much thicker then photoactive layers. Such structure allows to provide high 
writing density (submicron pit size) and to increase the effective TPA cross section 
simultaneously. For example the nonlinear layers can be made of nonlinear MNA 
(m-nitroaniline crystals (III). This organic crystal is transparent wavelengths larger than 
0.5 jam, so it can not be used for erasable optical disks containing photochromic material, 

-6- 
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whose absorption band is near 0.4jim. However, it is possible to use this crystal in ROM 
disks for realization of reading process. For example if the thickness of nonlinear layers is 
equal to 100 jam, the effective TP A cross section will be more than 10 5 GM. As a source 
of radiation, a compact subpicosecond semiconductor laser can be used. From the 
principle of disk structure it is clear that there is practically no limit for layer number 
except only the geometric considerations. 
The energy trans fer method 

The FIG. 5 shows the principle scheme of energy transfer method of increasing of 
the writing efficiency. One can expect a significant enhancement of writing efficiency if 
the energy transfer from high TPA dye to a photochromic molecule takes place. 

The rate of photochemical reaction (A-B) with energy transfer is: 



dn 

= -Kb(<PbA S B + ( pBA 5 A)f + no9>AB#A0 2 + n D(<PAB<PtrA ~ <P BA<P trB^ nf > 



where n B - is a photoinduced form concentration (B), n 0 - is a total concentration of 
photochromic substance (A+B), ( <p AB and (p BA - are quantum yields of direct (A-B) and 

reverse (B-A) photoreactions, 6 A ,5 B and 5 D - are TPA cross sections of form A, B and 
donor molecules respectively, (p frA and (p tiB - are efficiencies of energy transfer to form A 

and B respectively, 3> - is a pulse photon density. 

In the case of small concentration changes one can integrate this equation and 
receive the following expression: 

» - (»o^ ♦ n D(MM - VM ~ #,.A + 

where b - is the slope of form (B) concentration depende-nee on number of pulses 
(k) at the initial part of the curve, E - is a pulse energy, g - is a laser pulse form factor and 
t- laser pulse duration. The effectiveness of energy transfer can be calculated from the 
following expressions: 



-7- 
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<PtrA 




K 



D 



A 




90001nl0/r 2 ^ r F p (v)s A (v) 
\28x 5 n 4 N A J " v 4 



dv 



where R - is a distance between molecules of donor and acceptor, K D _ A - is the 
constant of the energy transfer rate between donor and acceptor under assumption of 
dipole-dipole interaction, Rq - is a Ferster radius, x d - is the excited state of donor 
molecule lifetime (without acceptor molecules), k - is ail anisotropy factor (for free- 
oriented molecules k 2 =2/3), ( <p d - is a quantum yield of donor fluorescence, n - is the 

index of media refraction, N A - is an Avogadro constant, F p (v)- is the molecular 
fluorescence spectrum (the dependence of the absolute number of emitted photons on the 

wavenumber v) normalized to 1( ^F p (v)dv = 1), £ A ( v) - is the molar exctintion 



The efficiency of the energy transfer is defined by Ferster radius R 0 , lifetime of the 
excited state x d and concentration of the acceptor molecules. 

The significant increasing of two-photon photoisomerization efficiency can be 
achieved by using a high TP A cross-section dye-sensitizer. The value of is defined by 
mutual overlapping between the fluorescence spectrum of donor and absorption spectrum 
of acceptor. The higher overlapping of spectra leads to the higher efficiency of energy 
transfer ( if K DA «l/x d ). The value R is defined by the donor and the acceptor molecule 
concentrations. 

Thus the right choice of photochromic substance - dye system should be made in 
accordance with many parameters. The main criteria of this choice are shown in FIG. 7. 

For example, as a dye we use a Rhodamine 6G (IV) and (II) is used as a 
photochromic material. The energy transfer system was made as a mixture of (II) and (IV) 



coefficient. 
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in PMMA film. The absorption spectra of this system components are depicted in FIG. 6, 
One can see that the absorption band of photoinduced form of (II B) is overlapped with 
fluorescence band of (IV) and the effective energy transfer is possible from (IV) to the 
photoinduced form (II B). The photoinduced form was preliminary accumulated by 
illumination of the sample with the monochromatic light (400 nm) and then was tested by 
the same method as TCM system. The effectiveness of the energy transfer and effective 
cross sections are shown in table 1 . 



TABLE 1. 





TPA cross section, GM 


Efficiency of energy 
transfer, (p tr 


II 


0.05 ± 0.02* 




IV 


200 ± 70 




11 + IV 


2.7 ± 0.8** 


0.04 ± 0.02 



* - effective cross section, 

** effective cross section for reaction (II B)->(II A). 
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What is claimed is: 

1 . An optical recording medium for 3D optical data storage devices comprises at least 
one recording layer containing a composition which includes: 

at least one dye and 

at least one photochromic compound, 

the improvement that 

said dye is a fluorescent, possessing high-TPA cross section for exciting 
illumination dye and is a donor of electronic energy transfer to the 
acceptor, 

said photochromic compound has a high photochemical reversibility, thermal 

stability and an absorption spectrum which is overlapped with the 

fluorescence spectrum of said dye, and 
a concentration of said photochromic compound is in excess comparatively to 

concentration actually required for energy transfer from said dye to said 

photochromic compound. 

2. A method for recording (erasing) information on an optical recording medium 
comprising at least one recording layer containing a composition which includes: 

at least one dye and 

at least one photochromic compound, 

the improvement that 

said dye is a fluorescent, possessing high-TPA cross section for exciting 
illumination dye and is a donor of electronic energy transfer to the 
acceptor, 

said photochromic compound has a high photochemical reversibility, thermal 
stability and an absorption spectrum, which is overlapped with the 
fluorescence spectrum of said dye, and 

a concentration of said photochromic, compound is in excess comparatively to 
concentration actually required for energy transfer from said dye to said 
photochromic compound, 

which method comprises: 

a mixing of said photochromic compound and said dye, and thereby 
converting a part of electronic energy from said dye to said 

-10- 
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photochromic compound leading to photoisomerization reaction of said 
photochromic compound, 

a covalent bonding of said photochromic compound and said dye, and 
thereby 

converting a part of electronic energy from said dye to said 
photochromic compound leading to photoisomerization reaction of said 
photochromic compound. 
3. A method for increasing recording efficiency on an optical recording medium 
comprising at least one recording layer containing a composition which includes: 
at least one dye and 
at least one photochromic compound, 
the improvement that 

said dye is a fluorescent, possessing high-TP A cross section for exciting 
illumination dye and is a donor of electronic energy transfer to the 
acceptor, 

said photochromic compound has a high photochemical reversibility, thermal 
stability and an absorption spectrum, which is overlapped with the 
fluorescence spectrum of said dye, and 

a concentration of said photochromic compound is in excess comparatively to 
concentration actually required for energy transfer from said dye to said 
photochromic compound, 

which method comprises: 

a mixing of said photochromic compound and said dye, and thereby 
converting a part of electronic energy from said dye to said 
photochromic compound leading to photoisomerization reaction of said 
photochromic compound, 

a covalent bonding of said photochromic compound and said dye, and 
thereby 

converting a part of electronic energy from said dye to said 
photochromic compound leading to photoisomerization reaction of said 
photochromic compound, and 

the significant increasing of recording (erasing) efficiency. 



-11- 
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4. An optical recording medium for 3D optical data storage devices comprises at least 
one recording layer containing a composition which includes: 

at least one nonlinear compound and 
at least one photochromic compound, 
the improvement that 

said nonlinear compound possesses a high quadratic (cubic) nonlinearity, 
a high laser threshold damage, transparency at recording (erasing), 
reading wavelengths, a thermal and time stability, 

said photochromic compound has a high photochemical reversibility, thermal 
stability and has an absorption spectrum, which wavelength maximum 
coincides with the wavelength of frequency converted illumination, 

a thickness of said nonlinear compound and the value of nonlinearity of said 

nonlinear compound is ill excess for the efficient frequency conversion. 

5. A method for recording (erasing) information on an optical recording medium 
comprising at least one recording layer containing a composition which includes: 

at least one nonlinear compound and 
at least one photochromic compound, 
the improvement that 

said nonlinear compound possesses a high quadratic (cubic) nonlinearity, 

a high laser threshold damage, transparency at recording (erasing), 

reading wavelengths a thermal and time stability, 
said photochromic compound has a high photochemical reversibility, thermal 

stability and has an absorption spectrum, which wavelength maximum 

coincides with the wavelength of frequency converted illumination, 
a thickness of said nonlinear compound and the value of nonlinearity of said 

nonlinear compound is in excess for the efficient frequency conversion, 
which method comprises: 

a preparation of said photochromic compound and said nonlinear 

compound, and thereby 

converting of frequency by optical harmonic generation in said 
nonlinear compound, 

absorption of frequency converted illumination by said photochromic 

-12- 
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compound leading to photoisomerization reaction of said photochromic 
compound. 

6. A method for increasing recording efficiency on an optical recording medium 
comprising at least one recording layer containing a composition which includes: 

at least one nonlinear compound and 
at least one photochromic compound, 
the improvement that 

said nonlinear compound possesses a high quadratic (cubic) nonlinearity, 

a high laser threshold damage, transparency at recording (erasing), 

reading wavelengths, a thermal and time stability, 
said photochromic compound has a high photochemical reversibility, thermal 

stability and has an absorption spectrum, which wavelength maximum 

coincides with the wavelength of frequency converted illumination, 
a thickness of said nonlinear compound and the value of nonlinearity of said 

nonlinear compound is in excess for the efficient frequency conversion, 
which method comprises: 

a preparation of said photochromic compound and said nonlinear 

compound, and thereby 

converting of frequency by optical harmonic generation in said 
nonlinear compound, 

absorption of frequency converted illumination by said photochromic 
compound leading to photoisomerization reaction of said photochromic 
compound, and thereby 

the significant, increasing of recording (erasing) efficiency. 

7. A method for reading information in 3D ROM system from an optical medium 
comprising at least one informative layer containing a composition which includes: 

at least one nonlinear compound and 
at least one photochromic compound, 
the improvement that 

said nonlinear compound possesses a high quadratic (cubic) nonlinearity, 
a high laser threshold durnage, transparency at recording (erasing), 
reading wavelengths, a thermal and time stability, 

-13- 
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said photochromic compound has a high photochemical reversibility, thermal 
stability and has an absorption spectrum, which wavelength maximum 
coincides with the wavelength of frequency converted illumination, 

a thickness of said nonlinear compound and the value of nonlinearity of said 

nonlinear compound is in excess for the efficient frequency conversion, 

which method comprises: 

a preparation of said photochromic compound and said nonlinear 
compound, and thereby 

converting of frequency by optical harmonic generation in said 
nonlinear compound, 

absorption of frequency ctonverted illumination by said dye compound 

leading to fluorescence of said dye compound, and 

this fluorescent signal do not absorbs by neither said nonlinear 

compound and nor by said dye compound, and thereby 

possible two photon reading information from any layers of 

fluorescence multylayer ROM disk. 
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